The demonstration that endothelin (ET) induces rat uterine contraction, coupled with the observation that ET is present in human amniotic fluid, suggests that the myometrium may be an important target organ for this hormone. We show that in quiescent human myometrial cells ET produced a dose-dependent increase in cytosolic free Ca2" (Cai,+), which was markedly attenuated when the cells were studied in Ca2"-free media. 
Introduction
The physiological and biological importance of endothelin (ET)' is supported by the demonstration that the peptide circulates in plasma (1) , by its vasoconstrictive effect (2, 3) , and by its enhancement of cell growth (4) and stimulation of c-myc and c-fos (5) . Recently, it has been shown that ET is present in human amniotic fluid in concentrations significantly higher than in plasma (6) . This finding and the observation that ET BCECF-AM, 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein acetyloxymethyl ester; CaW2+, cytosolic free Ca2"; ET, endothelin; FBS, fetal bovine serum; HBS, Hepes buffered solution; pHi, cytosolic pH.
induces rhythmic contractions in rat uterine horns (7) indicate that the myometrium may be an important target organ of ET. This investigation was undertaken to characterize the effects of ET, in comparison with oxytocin, in cultured human myometrial cells. We demonstrate that ET and oxytocin exert their effects on myometrial cells via binding to specific receptors and stimulation of the Ca2" messenger system. These findings suggest that, in addition to oxytocin, ET plays an important role in the cellular homeostasis of the myometrium.
Myometrial tissue was placed in 10 ml a-MEM containing penicillin (30 U)/streptomycin (30 ,g/ml) (3X MEM). The sample was rinsed three times with 3X MEM and the tissue finely chopped. Cell cultures from each patient were initiated using two different methods, namely, cell suspension and tissue explant. For the cell suspension method, the tissue was transferred to a 15-ml conical test tube containing 10 ml of 3x MEM and centrifuged for 8 min at 1000 g. Supernatant was aspirated and the pellet rinsed and spun twice with aMEM plus 10% fetal bovine serum (FBS), 2 mM L-glutamine, and penicillin (10 U/ml)/ streptomycin (10 tg/ml). The final 10 ml was split among three 75-cm2 Nunc flasks and brought to 15 ml with aMEM. Cells were grown in 5% CO2 at 37°C and refed twice each week.
For the explant method, tissue fragments were placed directly into 75-cm2 flasks using a pasteur pipette. Flasks were inverted in the incubator at 5% C02, 37'C for 1 h to allow cell attachment. 15 ml of aMEM were added slowly to avoid disturbing the fragments and flasks placed in the incubator with the fragments on the bottom. Cultures were maintained as per the cell suspension method. There were no effects of the method of cell isolation and passage number on cellular signals. Nevertheless, cells from identical passages isolated by the same method, from at least four subjects, were used in each experiment presented in Figs. 2-9. Experiments were performed using passages 1-6. Cytosolic free Ca" (Ca,+) and cytosolic pH (pH) measurements.
To measure Cai2", coverslips containing 3-7 X 1O cells were incubated with 5 ,M fura 2AM in 2 ml (37°C) of Hepes buffered solution (HBS) containing (mM): NaCl, 140; KCI, 5; CaCI2, 2; MgCI2, 1; Hepes, 10; glucose, 10; and 0.1% BSA, pH 7.4. Cells were loaded for 60 min, washed three times with HBS, and secured in a quartz cuvette in a NJ) (equipped with a thermostatically controlled (370C) cell holder, stirrer, and suction device for rapidly removing solutions). Excitation wavelengths were set at 340 and 380 nm and emission wavelength at 505 nm. Cells were preincubated 1-3 min in HBS until the signal stabilized. In experiments performed in Ca-free medium, CaCl2 was omitted and 0.3 mM EGTA added to the HBS. At the end of each experiment autofluorescence was determined for each coverslip (by subjecting cells to 2 mM Mn2' and 10 AM ionomycin for 5 min) and subtracted from the fluorescent signal. Calculations of R. and Rmin and Sf2JSb2 (8) for Ca2+ calibration were performed on similarly prepared coverslips by exposing cells to 3 mM EGTA, 10 MM ionomycin (without and with 0.1% BSA), and 5 mM Ca2 , 10 MM ionomycin (without and with 0.1% BSA).
To measure pHi, coverslips were incubated with 5 MM BCECF-AM at 370C in HBS for I h and washed twice with HBS. Fluorescence was monitored (excitation wavelengths 440 and 503 and emission wavelength 530 nm) for 5-7 min in HBS (pH 7.4) until pH, stabilized.
Calibration of pHi was performed as previously described (9) scent cells averaged 0.1 1±0.01% oftotal activity added to each well and nonspecific binding was 13.5±0.28% of total binding.
Immunofluorescence. HHF35, a muscle-actin-specific monoclonal antibody, was used to ascertain purity and composition ofthe myometrial smooth muscle cell preparations. Immunofluorescence was measured as described previously (10) . There were no differences in immunofluorescence characteristics of cells from the various passages prepared by the cell suspension or the tissue explant methods. 20 fields of cells from passages 1-4 from 4 subjects were examined. No apparent contaminations with fibroblasts of the preparations were observed.
Data analysis. Data are presented as mean or mean±SEM, with n equal to the number ofindividuals studied. Nonlinear regression analyses of ET binding experiments and Mn2" quenching of fura-2 were performed on an IBM compatible personal computer using an NLIN (nonlinear) regression procedure of SAS (Statistical Analytic Systems) (1 1) . Statistical analyses of these data utilized weighted least squares according to the method described by Johnson and Milhiken (12) . axis. This is a typical presentation of smooth muscle actin (10, 14 was reduced by 43% to 58.5±2.9 nM when the cells were equilibrated for 3 min in Ca2+-free HBS.
Addition of ET induced a dose-dependent increase in [Ca2+]i with peak levels ranging from 211.7±38.5 nM at a dose of 1 x lo0-M to 583.0±50.5 nM at a dose of 3 X l0-7 M (Fig.  2) . The response to ET was markedly reduced when the cells were studied in Ca2`-free media (Fig. 2, C and D) , demonstrating that the ET-induced Ca24+ signal in the myometrial cells is also dependent on extracellular Ca2+. To examine ifthis dependency reflects influx through Ca42+ channels, cells were preincubated for 10 min with various channel blockers before stimulation by ET (Fig. 3) The profile of Mn2+ quenching of cellular fura-2 was consistent with two compartments (a, and a2), which under control conditions, respectively, comprised -79 and 21% of the entire cellular pool (Fig. 4 However, when ET and oxytocin were added sequentially, each agonist produced a normal Ca,2+ transient (Figs. 7 and 8) . Thus, ET and oxytocin produce Ca,2+ transients through distinct receptors. Further differentiating the action of the two hormones is the observation that, in nonquiescent cells, the response to ET was significantly reduced while the response to the sequential treatment with oxytocin in the same cells was retained (Fig. 7 B) . When the order of addition of agonist was reversed, namely, oxytocin was added first, ET, again, had little effect in nonquiescent cells (Fig. 8 B) . The unaltered oxytocininduced Ca,2+ response in the nonquiescent cells indicates that serum-induced desensitization to ET does not represent a cellular dysfunction.
Many agonists elevate Ca 2+ in concert with stimulation of the Na+/H+ antiport (13) . To determine if ET can activate the Na+/H+ antiport in these cells, the peptide was added under three experimental conditions. Firstly, addition of agonist to cells at basal pH, (6.96±0.06) was without effect over a 10-min period (Fig. 9 A) . Secondly, in cells in which the antiport was reversed by addition of Na+-free media, ET failed to further stimulate the antiport (Fig. 9 B) . Although not shown, reversal of the pH gradient by incubating the cells in Na+-free buffer at pH 6.45 did not facilitate activation of the antiport by ET. In Table I the third experiment, following cellular acidification by the ammonium chloride prepulse method, the addition of ET to HBS containing 40 mM Na' did not accelerate the Na'-dependent recovery (the Na+/H' antiport) (Fig. 9 C) . Thus, although the Na+/H' antiport is present in myometrial cells, there is no apparent stimulation of this system by ET. 
Discussion
The mechanism by which ET raises Ca7' is as yet undefined and, in fact, may differ depending on the cell under investigation. The ET-induced Ca,2+ signal in the myometrial cells is in part due to Ca2" influx through Ca2" channels. This is shown by the reduction in both transient and posttransient Ca with Ca2" channel inhibitors. Similar conclusions were obtained for the action of ET on vascular smooth muscle cells (5) and fibroblasts (4). It is clear from several studies that the ET receptor is distinct from these Ca2" channels (7, 14, 15) and, thus, the ET-dependent activation of Ca2" channels must be a consequence of processes distal to the interaction of ET with its specific receptors. The dependence on extracellular Ca2", however, is not an absolute requirement ofET action, since a rise in Cai2' has been demonstrated in the absence of Ca2' entry through Ca2+ channels in fibroblasts and vascular smooth muscle cells (15, 16) .
In this study we could demonstrate the presence of voltage sensitive Ca2" channels in human myometrial cells by Mn2+ quenching of fura-2. This approach has been used before to characterize cellular Ca2" regulation in a variety of cells (17) (18) (19) (20) (21) . Mn2' has a substantially greater affinity to fura-2 than Ca2+, and it is a poor substrate for the Ca2+-pump of the endoplasmic reticulum (21, 22 Agonist-mediated stimulation of Ca,2+ mobilization is often coupled to protein kinase C, an important modulator ofthe Na+/H+ antiport (13) . ET has been shown to elevate pH, from basal levels in cultured mesangial cells (23) and to increase the rate of Na+-dependent alkalinization in human skin fibroblasts (24) . However, ET had no effect on the Na+/H+ antiport in the human myometrial cells, suggesting either that ET dissociates protein kinase C activation from activation of the antiport, or that the mechanism of ET-mediated Ca2+ mobilization is independent ofprotein kinase C. We arrived at a similar conclusion with respect to the effect of ET on the human umbilical artery vascular smooth muscle cell (unpublished data).
In conclusion, this study demonstrates that ET binds to a specific high affinity receptor on human myometrial cells, resulting in a rapid increase of Ca,2+ by a mechanism involving mobilization of Ca2+ from intracellular stores, as well as Ca2+ influx through Ca2+ channels. Moreover, ET and oxytocin modulate Cai2+ through independent receptors. These findings, and the recent observation that ET is produced by rabbit endometrial cells in culture (25) and is elevated in human amniotic fluid (6), strongly suggest that ET, like oxytocin, is an important endogenous modulator of uterine function.
